I. INTRODUCTION

I
NCREASING interchip communication bandwidth demand has motivated investigation into using optical interconnect architectures over channel limited electrical counterparts. Optical interconnects with negligible frequency-dependent loss and high bandwidth [1] provide a viable alternative to achieve dramatic power efficiency improvements at per-channel data rates exceeding 10 Gb/s. This has motivated extensive research into optical interconnect technologies suitable for high-density integration with CMOS chips.
Directly modulated lasers and optical modulators, both electroabsorption and refractive, have been proposed as high- bandwidth optical sources, with these different sources displaying tradeoffs in both device and circuit driver efficiency. Vertical-cavity surface-emitting lasers (VCSELs) [2] are an attractive candidate due to their ability to directly emit light with low threshold currents and reasonable slope efficiency values; however, their speed is limited by both electrical parasitics and carrier-photon interactions. A device that does not display this carrier speed limitation is the electroabsorption modulator (EAM), based on either the quantum-confined Stark effect (QCSE) [3] or the Franz-Keldysh effect [4] , which is capable of achieving acceptable contrast ratios (CRs) at low drive voltages over tens of nanometers of optical bandwidth. Ring resonator modulators (RRMs) [5] , [6] are refractive devices that display very high resonant quality factors and can achieve high CRs with small dimensions and low capacitance; however, their optical bandwidth is typically less than 1 nm. Another refractive device capable of wide optical bandwidth (> 100 nm) is the Mach-Zehnder modulator (MZM) [7] ; however, this comes at the cost of a large device and high voltage swings. All of the optical modulators also require an external source laser and incur additional coupling losses relative to a VCSEL-based link. Photodetector (PD) efficiency plays a key role in setting the maximum data rate and tolerable channel loss. High-speed p-i-n photodiodes [8] are commonly used in optical receivers due to their high responsivity and low capacitance, whereas emerging ultralow capacitance waveguide PDs [9] integrated with CMOS receivers have the potential to dramatically improve optical receiver efficiency.
The objective of this brief is to compare in nanometer CMOS technologies the power efficiency of optical interconnect architectures based on the aforementioned optical devices. This brief uses current state-of-the-art and reasonable projected optical device parameters and leverages previous optimization methods for optical receiver design [10] and overall link design [11] - [13] . In addition, an optimal current density methodology with normalized transistor parameters extracted from circuit simulations is applied to jointly optimize driver and receiver circuitry to minimize the total link power dissipation.
The optical interconnect architectures under consideration are outlined in Section II, including a near-term architecture using discrete VCSELs and PDs and three long-term integrated photonic architectures that use waveguide metalsemiconductor-metal (MSM) PDs and either EAM, RRM, or MZM sources. Section III discusses the optimization methodology, provides optical link performance comparisons in both 90-and 45-nm CMOS nodes, and also highlights the impact 1549-7747/$26.00 © 2010 IEEE of key optical parameters. The conclusions are summarized in Section IV.
II. OPTICAL LINK ARCHITECTURES
A. VCSEL
A high-speed 1.1-µm-range tunnel junction (TJ) VCSEL [2] is considered in this brief, parameters of which are given in Table I . Due to its linear optical power-current relationship beyond the threshold current I th , a differential current-mode driver [ Fig. 1(a) ] is used to modulate the VCSEL. The driver is driven by a set of cascaded predriver inverter stages with a fan-out of F, which in this analysis is optimized for transition times equal to one third of the bit period. A major constraint in the VCSEL is its bandwidth BW VCSEL , which is dependent on the average current I avg flowing through it, i.e.
BW VCSEL ∝ I avg − I th .
(1)
B. EAM
To produce a modulated optical output signal, light originating from a continuous-wave source laser is absorbed in an EAM depending on the electric field strength through electrooptic (EO) effects such as the QCSE or the Franz-Keldysh effect. Two EAM devices were analyzed in this brief, namely, a quasi-waveguide angled-facet electroabsorption modulator (QWAFEM) surface normal device [3] and a waveguide modulator [4] . Table I summarizes the parameters of these devices, which includes increasing the reference waveguide EAM length for compatibility with nanometer CMOS voltage swings and using a smaller QWAFEM for lower capacitance. While the waveguide EAM achieves an excellent CR, it can suffer from poor misalignment tolerance due to coupling light into small waveguides. The QWAFEM structure combines features of surface normal and waveguide structures to achieve acceptable CRs at low voltage swings.
Modeled by a reverse-biased diode with a lumped capacitor, the EAM devices are driven by a voltage-mode driver consisting of cascaded inverters [ Fig. 1(b) ]. Power dissipation [12] , [13] consists of static absorbed photocurrent and dynamic switching components, in addition to external laser power. The swing voltage V swing is assumed to be the nominal CMOS voltage supply V dd for the given technology, and the prebias voltage V bias is twice the supply voltage.
C. RRM
An EO polymer-based ring resonator (RR) [6] is used in this brief, which avoids carrier bandwidth limitations of a p-i-n diode-based RR [7] . Due to small dielectric constants and high confinement resonant ring structures, the polymer-based RR creates compact high-speed devices modeled as simple lumpedelement capacitors. As polymer RRMs are still relatively immature, this brief assumes some improvements in EO coefficients to yield an 8-dB CR [9] .
The RR is pseudodifferentially driven by two pairs of cascaded inverter stages to double the output swing and increase the CR. Power dissipation is similar to the EAM driver with slight modifications to account for the higher pseudodifferential output swing and the omission of the absorbed photocurrent term not present in the RRM. Due to the sensitivity of the RRM to process and temperature variations, additional tuning circuits are needed, whose power is assumed to be 1 mW (Table I) [14] .
D. MZM
This brief analyzes an MZM based on the free-carrier plasma-dispersion effect, which has recently demonstrated 30-Gb/s operation [7] . Fig. 1(c) shows the MZM transmitter schematic [15] . Unlike smaller modulators that are treated as lumped capacitive loads, due to MZM length (∼1 mm), the differential electrical signal is distributed using a pair of transmission lines terminated with a low impedance. To achieve the required phase shift and reasonable CR, long devices and large differential swings are required, necessitating a separate voltage supply MV dd . Thick-oxide cascode transistors are used to avoid stressing driver transistors with the high supply. The output swing is optimized to minimize total power over data rate, with a 5-dB minimum CR constraint. Fig. 1(d) shows the transimpedance amplifier (TIA)-based receiver architecture consisting of the PD with its capacitance, TIA, limiting amplifier (LA) cells limited to a maximum of five stages, and finally ending in a decision circuit. A longwavelength discrete p-i-n PD [8] with capacitance of 100 fF and dark current of 5 nA (Table I) is used in conjunction with the discrete TJ VCSEL link. For the other integrated CMOS photonic links based on modulators, an integrated waveguide MSM PD [9] with capacitance < 1 fF is used with a dark current level of 100 µA ( Table I) .
E. Receiver Architecture
The decision circuit is assumed to have 20 mV pp input threshold ambiguity and 30 fF input capacitance, consistent with typical high-speed electrical deserializing decision circuit blocks [16] .
III. OPTIMIZATION AND COMPARISON
A. Optimization Methodology
Obtaining accurate circuit modeling results requires accurate transistor parameters. These parameters are obtained from transistor-level simulations using a constant current density technique. Under fixed biasing conditions and finger sizing, the transistor drain current linearly increases with the transistor finger number, yielding a constant current density. Normalized transistor parameters (transconductance, output conductance, capacitance, etc.) are extracted at different biasing conditions corresponding to different transistor transition frequencies f T .
The optimization objective is to minimize the total optical link power dissipation, including the receiver TIA and LA stages, transmitter predriver and driver circuits, RR tuning circuit power, static EAM power component, and external laser power. Clocking power common among all of the architectures, including clock synthesis, distribution, and recovery, is excluded in the reported power consumption. Using the normalized transistor parameters obtained from different bias points, the transmitter and the receiver are jointly modeled by iterating the design variables over the circuit and link constraints to satisfy particular data rate specifications at a given bit error rate (BER) of 10 −12 . Multiple acceptable solutions are obtained, which correspond to differing circuit configurations, e.g., TIA with varying gain and LA stages, and optical transmitters with differing levels of optical output power. The minimum power solution is selected at each data rate from this matrix of acceptable link configurations.
The use of multiple biasing conditions in the different circuit blocks allows a wide design search space and provides a design solution where the transistors are biased near the optimum f T to achieve the desired data rate for minimum power. The 90-nm process in this analysis achieves a peak f T of 110 GHz at 0.4 mA/µm current density, whereas scaling to the 45-nm process allows a 225-GHz peak f T at 0.4 mA/µm.
B. Comparison of Different Optical Links
Optical device parameters and link budgets used in this brief are summarized in Tables I-III. The VCSEL average power is limited to 3 dBm maximum, whereas the external laser used in conjunction with the integrated modulators has an assumed 30% wall-plug efficiency and a maximum 10-mW electrical power, included in the total link power. CR power penalty and insertion loss are included based on each device's parameters. The lumped input capacitance of the discrete VCSEL-based link's receiver is 200 fF, which includes the 100-fF discrete PD and an assumed 100-fF bond-pad capacitance. The lumped input capacitance of the integrated link's receiver is 10 fF and is dominated by the interconnect capacitance. The receiver circuit input capacitance is added on top of these values to calculate the total input capacitance.
Using the previously discussed optimization methodology, the optimized power efficiency values for the optical links at various data rates are obtained. Fig. 2 compares the power efficiency of the TJ VCSEL-based link using the 90-and 45-nm CMOS processes. This link attained power efficiency values of TABLE II  DISCRETE VCSEL-BASED OPTICAL LINK BUDGET   TABLE III  INTEGRATED OPTICAL LINK BUDGET 1.26 and 0.748 mW/Gb/s at a data rate of 18 Gb/s in 90-and 45-nm technologies, respectively. VCSEL bandwidth constraint (1) and maximum power levels limit the link performance at data rates higher than 24 Gb/s in both 90-and 45-nm nodes. Further improvements in increasing the VCSEL bandwidth by increasing device differential gain, reducing series resistance, and improving slope efficiency will result in improved power efficiency at higher data rates.
The waveguide EAM-based optical link achieves excellent power efficiency (Fig. 3) due to good CR, low swing and bias voltages, and small modulator capacitance. The other EAM structure, i.e., QWAFEM, has a reasonable CR at low voltage swings, but with relatively high insertion loss and large modulator capacitance, power dissipation is increased. The waveguide EAM achieves power efficiency values of 0.707 and 0.367 mW/Gb/s at 18 Gb/s in 90 and 45 nm in comparison with the QWAFEM structure, which achieves 1.29 and 0.727 mW/Gb/s power efficiency at the same data rate for the same technologies. Technology scaling yields higher transistor f T per current density, which allows the power efficiency of the integrated optical links to improve and the support of higher data rates. The maximum data rate extended from 24 to 32 Gb/s for the waveguide EAM and from 19 to 26 Gb/s for the QWAFEM EAM when scaling from 90 to 45 nm. When compared with the VCSEL link at 18 Gb/s, the waveguide EAM link attained 50% better power efficiency in the 45-nm node, whereas the QWAFEM link performance was similar to the VCSEL link. Improved alignment tolerance and coupling loss will further enhance the waveguide device's compatibility in high-volume applications, whereas QWAFEM structures with lower insertion loss and smaller capacitance would result in improved power efficiency.
The refractive RRM-based link achieves excellent power efficiency (Fig. 4) due to the good CR and ultralow modulator capacitance. At 18 Gb/s, it attains power efficiency values of 0.677 and 0.381 mW/Gb/s in 90-and 45-nm processes. Scaling from 90 to 45 nm has allowed the RRM data rate to increase from 10 to 30 Gb/s at power efficiency of 0.5 mW/Gb/s and extend the maximum operating data rate from 24 to 34 Gb/s. Comparing the RR link at 18 Gb/s in the 45-nm node, it achieved 50% improvement in power efficiency relative to the VCSEL and QWAFEM EAM and similar performance as the waveguide EAM. Although the RR-based link has very good power efficiency, RRs do have very low optical bandwidth (∼1 nm) [17] and are very sensitive to process and temperature variations. Efficient feedback tuning circuits and/or improvements in the device structure to allow less sensitivity to variations would enhance feasibility of these devices in high-density applications.
In contrast to the RR, the refractive MZM-based link has very wide optical bandwidth of around 100 nm [17] and improved tolerance to process and temperature fluctuations. While the voltage swing and CR were included in the power optimization, the resulting MZM link power efficiency was roughly one order of magnitude higher than the other optical links (Fig. 5) . The achieved power efficiency values are 4.01 and 3.56 mW/Gb/s at 18 Gb/s data rate in the 90-and 45-nm processes. Technology scaling does not have a major impact, as the overall power is dominated by the voltage swing required for the low-impedance modulator. Methods to enhance the refractive index change are required to reduce device footprint and perhaps allow higher impedance termination.
IV. CONCLUSION
In conclusion, this brief has compared the power efficiency of different optical links proposed for high-density integration with CMOS chips and identified optical parameters critical to further power efficiency improvements. VCSEL bandwidth and maximum power levels limit the link performance in both 90-and 45-nm processes to 24 Gb/s. Among the integrated photonic links, the waveguide EAM and RR provide good power efficiency values attaining 0.5 mW/Gb/s in the 45-nm process at 28 and 30 Gb/s, respectively, while the misalignment-tolerant QWAFEM structure achieves 0.75 mW/Gb/s at 20 Gb/s. Although the MZM achieves wide optical bandwidth, significant improvements need to be made to obtain lower voltage swing and better power efficiency.
